In infertile cycles in rats, the corpus luteum (CL) ceases producing progesterone in about 2 days and is eliminated by structural luteolysis. Glucocorticoids disrupt the ovarian cycle and interfere with structural luteolysis. We studied the effects of the glucocorticoid dexamethasone (DEX) on rat luteolysis. Cycling rats were treated during 3 days (from estrus to diestrus) with different doses (0.025, 0.1, 0.4, and 1 mg/rat) of DEX or vehicle. DEX-treated rats showed a necrotic pattern of cell death, affecting exclusively the last generation of regressing CLs. In these animals, selective apoptosis of luteal endothelial cells, detected by both morphological characteristics and TUNEL assay, was observed on the morning of proestrus and was followed by necrosis of the luteal tissue. These effects were dose related. With the lowest DEX doses (0.025 and 0.1 mg), only some of the animals were affected and showed smaller necrotic areas in CLs. The deleterious effects of DEX on endothelial cells were in keeping with the immunohistochemical localization of glucocorticoid receptors in the endothelial cells of the last CL generation. The results of this study strongly suggest that DEX-induced selective apoptosis of endothelial cells leads to ischemic necrosis of the luteal tissue and raises the possibility that actions on endothelial cells may be underlying glucocorticoid-induced effects on the ovary.
INTRODUCTION
The female reproductive system is subjected to extensive tissue remodeling processes during reproductive life. In the ovary, the corpus luteum (CL) is a transitory organ formed from the postovulatory follicle and has a short life span [1] , especially in laboratory rodents that display ultrashort (4-day) estrous cycles [2] . In the rat, the newly formed CLs undergo rapid vascularization and luteinization, but if pregnancy does not occur, the cyclic CL ceases producing progesterone about 2 days after formation and should be eliminated by the process of structural luteolysis [1] . Structural luteolysis is triggered by the preovulatory prolactin (PRL) surge during the transition from proestrus to estrus [3, 4] . The first morphological signs of structural luteolysis are the presence of abundant apoptotic luteal cells and the invasion of the CL by abundant macrophages [4] . This apoptotic burst eliminates the greater part of the steroidogenic cells, but several apoptotic bursts are necessary for the complete 1 This work has been subsidized by grants 1FD97-1065-CO3-03 and PM98-0167 from the Direcció n General de Enseñ anza Superior e Investigació n Científica, Spain. elimination of the regressing CL [3] [4] [5] . As a consequence, at least 4 regressing CL generations are present in the rat ovary at any stage of the estrous cycle.
Glucocorticoids (GCs) disrupt the ovarian cycle [6] [7] [8] . Pathological conditions such as Cushing's syndrome and physical or psychological stress adversely affect fertility [9] . Moreover, GCs inhibit progesterone secretion [10] [11] [12] , although stimulatory effects have been reported in hypophysectomized rats [13] . Glucocorticoid receptors are expressed in ovarian cells [13, 14] , which implies the potential for direct actions of GCs in the ovary. Glucocorticoids have been found to interfere with luteolysis [11, [15] [16] [17] , although the mechanisms of these actions are not fully understood. Aside from their possible central effects on hypothalamic and pituitary hormones [18] [19] [20] , GCs may interfere with structural luteolysis by multiple local mechanisms. Glucocorticoids inhibit prostaglandin synthesis [17, 21] , macrophage recruitment and activation [22, 23] , and cytokine release [24, 25] .
The objective of this study was to analyze the effect of the glucocorticoid dexamethasone (DEX) on structural luteolysis in the cyclic rat.
MATERIALS AND METHODS

Animals and Treatments
Female cycling rats of the Wistar strain (mean weight 300 g) were used. The animals were maintained under controlled light (14L:10D; lights-on at 0500 h) and temperature (21ЊC) and had free access to rat chow and tap water. The stage of the cycle was checked daily by examining vaginal smears. Only rats showing at least 2 consecutive 4-day cycles were used. All experiments were carried out in accordance to the Guide for the Care and Use of Laboratory Animals and were approved by the Ethical Committee of the University of Cordoba.
Animals were given daily s.c. injections of 0.025, 0.1, 0.4, or 1 mg/ rat DEX in 200 l of olive oil or vehicle for 3 days (from estrus to diestrus), and 5 animals/group were killed on the morning (1000 h) and the evening (2100 h) of proestrus and on the morning (1000 h) of estrus. DEX doses in this range have been previously found to interfere with luteolysis [17] .
Tissue Processing
Right ovaries were dissected and fixed in Bouin-Hollande fluid for 24 h and processed for paraffin embedment. Five-micrometer-thick sections were cut, stained with hematoxylin and eosin, and used for morphological evaluation. Left ovaries were fixed in 4% paraformaldehyde (PFA) in Sorensen buffer (pH 7.3) for 24 h and processed for paraffin embedment. Four-micrometer-thick sections were cut, placed on poly-L-lysine-coated slides and used for immunohistochemistry.
In Situ TUNEL Apoptotic cell detection was based in the method described by Gavrieli et al. [26] , with an in situ cell death detection kit (POD; Boehringer Mannheim, Mannheim, Germany) according to the instructions of the supplier but with slight modifications. After dewaxing and hydration, endogenous peroxidase was blocked by incubation for 30 min in 2% H 2 O 2 in methanol. After washing with PBS, sections were submitted to protease treatment with Proteinase K (5 mg/ml in 20 mM Tris, 2 mM CaCl 2 , pH 7.2, from 
Immunohistochemical Detection of GC Receptors
Glucocorticoid receptors (GCRs) were detected with the polyclonal antibody GR (M20; Santa Cruz Biotechnology, Santa Cruz, CA). PFAfixed sections (4 m thick) were dewaxed and rehydrated. Endogenous peroxidase was inhibited with 2% H 2 O 2 in methanol for 30 min. After being washed in distilled water, these sections were immersed in 10 mM citrate buffer and incubated in a microwave oven (2 ϫ 5 min at 700 W) for antigen retrieval. Sections were allowed to cool at room temperature, washed in PBS, blocked with 10% normal rabbit serum for 2 h, and incubated overnight with the primary antibody (diluted 1:100). Negative controls were incubated with preimmune serum or PBS instead of the primary antibody. Sections were then processed according to the avidinbiotin complex (ABC) method, as previously described [4] . PFA-fixed control tissues (heart, spleen, and lung) were fixed, processed, embedded, and prepared for immunohistochemistry in the same way.
Immunohistochemical Detection of Macrophages
Macrophages were detected with the monoclonal antibody ED1, following previously described methods [4] . PFA-fixed sections (4 m thick) were placed on poly-L-lysine-coated slides. After dewaxing and inhibition of peroxidase with 2% H 2 O 2 in methanol for 30 min, sections were rinsed in PBS, blocked with 10% preimmune serum for 2 h, and incubated overnight with mouse monoclonal ED1 antibody (diluted 1:400). Negative controls were incubated with preimmune serum or PBS instead of the primary antibody. Sections were then processed according to the ABC method, as previously described [4] .
RESULTS
The morphologic changes that happen in the regressing CL of cycling rats during the transition from proestrus to estrus have been described in detail [4, 5] . These changes were coincident with those found in vehicle-treated rats in this study. On the morning of proestrus, tissue structure was well preserved and apoptotic cells were nearly absent (Fig.  1A) . On the evening of proestrus and on the morning of estrus, luteal tissue was disorganized and apoptotic luteal cells were very abundant throughout the CL section (Fig.  1B) . However, most blood vessels were not damaged, and endothelial cells appeared healthy (Fig. 1B) . Apoptotic cells were observed in all generations of regressing CLs. Necrotic areas or inflammatory reactions (apart from the presence of abundant macrophages) were not observed.
The CLs of DEX-treated rats showed a clearly different pattern of cell death. DEX-induced changes were particularly evident with the higher doses (0.4 and 1 mg). The following description corresponds to these doses; differences with lower doses (0.025 and 0.1 mg) are reported thereafter. On the morning of proestrus, morphological changes were already evident and affected exclusively the last CL generation (corresponding to the CL of the current cycle), whereas regressing CLs of previous cycles did not show morphological changes ( Fig. 2A) . In CLs of the current cycle, 3 different concentric zones could be distinguished ( Fig. 2A) : a peripheral zone showing steroidogenic cells with normal features, a midzone in which steroidogenic cells showed nuclear and cytoplasmic swelling (Fig. 2, A and B) , and an inner zone in which steroidogenic cells showed slight pyknosis, a punctate chromatin pattern, and some degree of cytoplasmic condensation (Fig. 2, A and C) . The most relevant feature at this time was the presence of high numbers of apoptotic cells that showed the characteristic morphological features of this type of cell death [27] , i.e., shrunken eosinophilic cytoplasm, chromatin margination, and fragmentation into apoptotic bodies at advanced stages (Fig. 3A) , and were specifically stained with the TUNEL assay (Fig. 3, B and C) . Apoptotic cells were observed throughout the CL section and lined the blood vessels, although at advanced stages of apoptosis they were detached from the vessel wall and found in the vessel lumen (Fig. 3A) . These cells were assumed to correspond to endothelial cells because of their location lining the blood vessel lumen and by the extreme scarcity of healthy endothelial cells in the last CL generation (Figs. 2B and 3, A-C) On the evening of proestrus, only 2 concentric zones could be distinguished in the last CL generation (Fig. 4A) : a peripheral zone of apparently normal tissue (except for the scarcity of endothelial cells lining blood vessels) and a central zone with clear morphological signs of initial necrosis (Fig. 4 , A and C). Tissue architecture was disrupted, and steroidogenic cells showed pyknotic nuclei or karyolysis and cytoplasmic condensation (Fig. 4C) . Some apoptotic cells were still found in blood vessel remnants. Both nuclei and cytoplasm were nonspecifically stained with the TUNEL method in central necrotic areas (Figs. 3D and 5A ). On the morning of estrus, as on the previous day, alterations were found exclusively on the last generation of regressing CL. These CL showed a narrow peripheral zone of apparently healthy steroidogenic cells and a central zone of advanced necrosis, in which nuclei were indistinct and only ghost outlines of luteal cells and blood vessels were present (Fig. 4, B and D) . In this zone, macrophages immunostained for ED1 antigen and polymorphonuclear leukocytes were found in low numbers. Newly formed CLs derived from the ovulatory event of the early estrus were present (Fig. 5B) . In the previous generations of regressing CLs, apoptotic steroidogenic cells (as observed in vehicle-injected rats from the evening of proestrus) and necrotic areas were not found (Fig. 5B) . The alterations described above were dose related. A direct dose-related relationship was found for the presence of necrotic areas. With the lower DEX doses (0.025 and 0.1 mg), CL alterations were found in only a percentage of the animals (33% and 60% of rats, respectively). In affected animals, only small areas of the CL section were affected (Fig. 6A ). These necrotic zones had a higher cellularity because of the abundance of infiltrating macrophages (Fig.  6B ) and polymorphonuclear leukocytes (Fig. 6C ). An inverse dose-related relationship was found for the presence of the physiological apoptotic response of steroidogenic cells during the transition from proestrus to estrus. With the lower doses, apoptotic cells were abundant in nonnecrotic areas, similar to the situation in vehicle-treated rats.
Immunolocalization of GCR was performed in intact cycling rats. Clear immunostaining was found exclusively in the endothelial cells of some ovarian compartments. In growing and preovulatory follicles, endothelial cells in the blood vessels of the theca layer showed intense cytoplasmic immunostaining (Fig. 7A ) at all stages of the cycle. Blood vessels in the ovarian stroma were negative (Fig. 7A) . In the CL, immunostaining showed variable intensity depending on the day of the estrous cycle. At estrus, endothelial cells invading the newly formed CL showed cytoplasmic staining. At metestrus, intense cytoplasmic immunostaining was found in endothelial cells throughout the CL section (Fig.   7B) . A progressive decrease in the intensity of the immunostaining was found from metestrus to proestrus (Fig. 7C) , and immunostaining was absent on the morning of estrus in the regressing CL of the previous cycle (Fig. 7D) . Consequently, regressing CLs from previous cycles were not immunostained. Although slight nuclear immunostaining was observed in different luteal cell types along the cycle, it was difficult to differentiate from background, and these cells were considered negative. In contrast, intense nuclear staining was present in routine control tissues (heart, spleen, and lung). In these tissues, however, endothelial cells of the blood vessels were not immunostained (Fig. 7E) .
DISCUSSION
In this study, the most relevant feature of the ovary of DEX-treated rats was the presence of a necrotic pattern of cell death affecting the last generation of regressing CLs. The sequence of morphological changes observed from the morning of proestrus onward prompted us to propose the possible pathogenic mechanism leading to necrosis of the luteal tissue. Our hypothesis is that disruption of blood vessels due to selective apoptosis of endothelial cells leads to ischemic necrosis of the CL.
In DEX-treated rats on the morning (1000 h) of proestrus, apoptosis (as detected by both morphological features and staining with the TUNEL assay) affected exclusively the endothelial cells. This apoptosis was coincident with degenerative changes in luteal cells compatible with the initial stages of ischemic necrosis [27] . The subsequent evolution of the luteal tissue, showing clear morphological signs of necrosis on the evening (2100 h) of proestrus and advanced necrosis on the morning (1000 h) of estrus, was in agreement with the well-documented morphological changes characteristic of ischemic necrosis, i.e., progressive changes from cell swelling to piknosis and cytoplasmic eosinophilia leading to disruption of tissue architecture and disappearance of cell nuclei, leaving ghost outlines of cells [27] . Selective apoptosis of endothelial cells seemed to be the cornerstone of the major alterations induced by DEX in the luteal tissue. GCs induce apoptosis in several cell types, including lymphocytes [28] , osteoblasts/osteocytes [29] , and placental cells [30] . Selective apoptosis of endothelial cells after GC treatment has not been previously reported. However, some data suggest the induction of apoptosis of endothelial cells by GC in other tissues. In in vitro model systems of angiogenesis [31, 32] , growing capillaries were destroyed after 4 days of DEX treatment. The endothelial cells ''rounded up,'' which is suggestive of the apoptotic mode of cell death. In contrast, it has been reported that GC can suppress apoptosis in glomerular endothelial cells [33] and testicular germ cells [34] , which suggests that GCs differentially regulate apoptosis in different tissues. Apoptosis of endothelial cells has been reported during physiological luteolysis in several species, such as guinea pig [35] , cow [36] , and human [37] . However, this process is not massive, does not induce necrosis, and does not severely compromise blood supply to the regressing CL, which continues to be a well-vascularized organ throughout regression [38] . These findings are in accordance with the presence of intact blood vessels in the CLs of vehicle-treated rats after the apoptotic burst during the transition from proestrus to estrus. Moreover, the apoptosis of endothelial cells in DEX-treated rats was already present on the morning of proestrus, before the preovulatory PRL surge triggering apoptosis in intact cycling rats, and seemed to be independent of hormonal preovulatory surges.
Necrosis of the luteal tissue affected only the last generation of regressing CLs. The previous generations of CLs, which were also functionally inactive, did not show necrotic areas. This finding is in keeping with the immunohistochemical localization of GCR in the endothelial cells of the last CL generation. In the ovary, intense GCR immunostaining was found in those tissue compartments in which active angiogenesis was occurring, i.e., in the theca layer of growing follicles and in newly formed CLs. In older CLs and in the ovarian stroma, blood vessels that have a low turnover, similar to that in vessels in other anatomical locations [39] , did not show GCR immunostaining. Whether newly formed blood vessels in other locations outside the ovary also show GCR immunostaining is not known.
In this study, GCRs were found in the cytoplasm of endothelial cells. In contrast to other intracellular steroid receptors such as those of estrogens and androgens, which seem to be located exclusively in the nucleus, GCR has been reported to be located in both the nucleus and the cytoplasm [40] [41] [42] in different tissues. In this study, the nuclear location was predominant in extraovarian tissues. Whether the induction of apoptosis of endothelial luteal cells was mediated by classical intracellular GCR is not known. Although most known effects of GC are mediated by the intracellular GCR inducing changes in gene expression (i.e., genomic responses [43] ), recent evidence indicates that GCs may also induce nongenomic responses through interaction with specific GCRs in the cell membrane [44] . In this sense, DEX induces lymphoid cell apoptosis though activation of membrane receptors [45] .
The effects of GC reported here occurred at pharmacological doses. Glucocorticoid therapy is useful for a number of chronic conditions, including rheumatoid arthritis, chronic obstructive lung disease, chronic active hepatitis, and inflammatory bowel disease, and is widely used at very high short-term or long-term doses. Some of the side effects of GC treatment involve blood vessel injury. Up to 25% of patients receiving corticosteroid therapy underwent ischemic or avascular necrosis of bone [46] . In this sense, endothelial cell apoptosis deserves attention as a possible explanation for the deleterious effects of GCs, particularly in those cases involving vascular injury.
It is generally assumed that the main deleterious actions of GC in disrupting the ovarian cycle are the result of the inhibition of hypothalamic GnRH output, thus preventing the release of LH and FSH and creating a state of hypogonadotropic hypogonadism [18, 19, 47] . However, in the present study, ovulation, indicated by the presence of newly formed CLs on the morning of estrus, was not blocked even with the higher DEX doses, whereas direct effects on the CL were observed even with the lowest DEX doses. In previous studies, GCs have inhibited progesterone secretion in other experimental models in the rat [10, 12] or in other species [11] . Different mechanisms, including direct effects on the CL [12] , have been proposed. The data of this study raise the possibility that vascular damage could be underlying inhibitory effects on the CL and indicate that peripheral actions of GCs should be considered when studying the effects of these drugs on the reproductive system.
The inhibition of the normal luteolytic process in rats treated with the higher doses of DEX was consistent with results of previous studies reporting inhibition of luteolysis in rats treated with immunosuppressive doses of GC [17] . In this study, inhibition of apoptosis of steroidogenic cells was observed only in the nonnecrotic areas of the last CL FIG. 7 . Immunohistochemical localization of GCRs in the ovary of intact cycling rats and in control myocardial tissue (E). In proestrus (A), endothelial cells (arrows) in the blood vessels of the theca of preovulatory follicles are immunostained, whereas blood vessels in the ovarian stroma (asterisk) are not. In CLs, immunostaining of endothelial cells (arrows) is intense at metestrus (B), faint at proestrus (C), and absent in CLs of the previous cycle (D). In the myocardium, muscle cells (arrows) show intense nuclear immunostaining, whereas endothelial cells are negative. A, ϫ400; B, ϫ1000; C and D, ϫ900; E, ϫ200.
generation or in CLs of previous generations. The inhibition of apoptosis may be due to multiple mechanisms, such as inhibition of the PRL surge [20] , blocking of macrophage infiltration [16] , inhibition of macrophage activation or cytokine release [24, 25] or inhibition of prostaglandin synthesis [17, 21] . Dose-related differences were also found for the number of infiltrating macrophages and polymorphonuclear leukocytes. These cells were abundant with the lower DEX doses but were scarce with the higher doses. This scarcity was likely related to the anti-inflammatory actions of GC [23, 48] and has been previously reported after GC treatment in the CLs of different species [16, 17] .
The presence of GCR immunoreactivity and the specific induction of apoptosis in the endothelial cells by DEX treatment suggest that luteal blood vessels are a target for GCs in the rat ovary.
